2017). Spin excitations and quantum criticality in the quasi-one-dimensional Ising-like ferromagnet CoCl2·2D2O in a transverse field. Physical Review B, 96(17), [174424 ]. https://doi.We present experimental evidence for a quantum phase transition in the easy-axis S = 3/2 anisotropic quasione-dimensional ferromagnet CoCl 2 · 2D 2 O in a transverse field. Elastic neutron scattering shows that the magnetic order parameter vanishes at a transverse critical field μ 0 H c = 16.05(4) T, while inelastic neutron scattering shows that the gap in the magnetic excitation spectrum vanishes at the same field value, and reopens for H > H c . The field dependence of the order parameter and the gap are well described by critical exponents β = 0.45 ± 0.09 and zν close to 1/2, implying that the quantum phase transition in CoCl 2 · 2D 2 O differs significantly from the textbook version of a S = 1/2 Ising chain in a transverse field. We attribute the difference to weak but finite three-dimensionality of the magnetic interactions.
I. INTRODUCTION
Quantum phase transitions (QPTs) [1] have emerged as a major theme in experimental [2] [3] [4] [5] and theoretical [1, 6] studies of condensed matter physics. The simplest QPT occurs in the transverse field Ising chain (TFIC) model describing an isolated chain of ferromagnetically coupled S = 1/2 spins in a transverse magnetic field [7] :
where J > 0. At T = 0 and zero applied field, λ = 0, the ferromagnetic exchange interactions cause the chain to polarize, leaving two possible ground states N i=1 |↑ i or N i=1 |↓ i . Here, the states |↑ i and |↓ i are the m S = ±1/2 eigenstates of S z i . Application of a transverse field, λ > 0, mixes the |↑ i and |↓ i states, eventually leading to the disappearance of long-range order at λ = 1 [1] . The transverse field parameter is λ = H/H c , where the critical field is given by gμ B μ 0 H c = J /2, a factor of 2 smaller than the value determined in the mean-field approximation [7] . The ground state in the high-field limit, λ 1, is qualitatively different. In this so-called quantum paramagnetic phase, all spins are parallel to the applied field, N i=1 | → i with | → i = (|↑ i + |↓ i )/ √ 2. The spin excitations at λ = 0 are propagating domain walls while, for high fields, they derive from single spin-flips and are similar to conventional ferromagnetic spin waves. Diagonalization of Eq. (1) for H < H c [1, 7] yields a spectrumhω(Q) = (J /2) 1 + λ 2 − 2λ cos (Q) with * jacb@fysik.dtu.dk † nbch@fysik.dtu.dk a Q = 0 excitation gap closing as = J (H c − H )/2H c upon approaching H c from below. For an ideal TFIC, the expectation therefore is ∝ (H c − H ) zν with zν = 1.
To date, there exists no fully satisfactory direct experimental test of this prediction for the field dependence of the excitation gap in materials that can be approximated by Eq. (1). One exhaustively studied candidate compound is the columbite CoNb 2 O 6 [8, 9] , which is comprised of chains of ferromagnetically coupled effective S = 1/2 ions, with neighboring chains coupled to each other by weak antiferromagnetic interactions. In this material, however, the Bragg peaks characteristic of 3D long-range magnetic order occur with finite interchain wave vector components, and only a partial softening of the excitations was observed in Ref. [8] . More generally, if the fielddependence of the gap can be tracked through H c in a given material, it is interesting to inquire how deviations from the idealized Hamiltonian, Eq. (1), will affect critical exponents.
In this paper, we present a neutron scattering study of the salt CoCl 2 · 2D 2 O that belongs to the same class of materials as CoNb 2 O 6 , i.e., compounds consisting of weakly coupled effective S = 1/2 ferromagnetic chains with significant exchange anisotropy. Our experimental results demonstrate the theoretically expected complete closure of the excitation gap at the quantum critical transverse field, which in CoCl 2 · 2D 2 O is H c = 16.05(4) T. Quantitatively, we find that the critical exponents characterizing the field-dependence of the Bragg peak intensities and the excitation gap differ significantly from the predictions related to the ideal TFIC model, Eq. (1).
II. THE CHAIN SYSTEM
CoCl 2 · 2D 2 O crystallizes in the monoclinic space group C 2/m with lattice parameters a = 7.256Å, b = 8.575Å, [10] . In the zero-field magnetic structure below T N = 17.2 K, all Co 2+ spins are oriented along the b axis, and spins on neighboring chains are antiparallel [11, 12] , see Fig. 1 . High-field magnetization data [13] reveal a pronounced anisotropy in the saturation field, which attains its minimum value μ 0 H c ≈ 16 T for a field-direction transverse to the easy b axis and parallel to the longest Co-Cl bond. In terms of Eq. (1), this defines the transverse field direction, x, in a coordinate system [14] where z is along the b axis.
The ground state term of the Co 2+ ion has L = 3 and S = 3/2. The strong crystal field due to the coordinating Cl − ions and D 2 O molecules removes the orbital degeneracies leaving a nondegenerate L ground state, whose four corresponding spin states form two Kramers doublets due to the spin-orbit coupling. Neglecting all states apart from the ground state doublet of the Co 2+ ions, i.e., within an effective S = 1/2 approximation, the realistic Hamiltonian for CoCl 2 · 2D 2 O in a transverse field becomes
Within this approximation, the original isotropic spinexchange interaction obtains an Ising-like anisotropy quantified by J ⊥ δ = 1 2 (J x δ + J y δ ) and J a δ = 1 2 (J x δ − J y δ ) due to the orbital modifications of the spin states. The Cartesian components, H α , of the applied magnetic field couple to the spins through a second-rank tensor g which contains diagonal coefficients g xx , g yy , and g zz , and zeros elsewhere. The view of Co 2+ as an effective S = 1/2 ferromagnetic Ising chain was generally accepted, when magnon bound states were observed by Date and Motokawa in the microwave regime [15] and by Torrance and Tinkham in the far-infrared regime [16, 17] . The g factors to be presented in Ref. [18] are g xx = 3.51, g yy = 1.94, and g zz = 6.60, consistent with those derived by Narath from susceptibility measurements [14] . The typical energy scale [18] for the interaction along the chain is J z 
III. EXPERIMENTAL RESULTS
In the neutron scattering experiments, we employed the triple axis spectrometers RITA-II (SINQ, Switzerland) and FLEXX (HZB, Germany) with final neutron energy E f = 5 meV and Be-filters in the scattered neutron beam to remove higher-order contamination. The orientation and quality of the solution-grown crystals was checked by x ray and neutron diffraction. The samples were aligned so the horizontal scattering plane was spanned by the (2 0 1) and (0 1 0) reciprocal space directions making the x axis nearly vertical [19] . For the RITA-II experiment, we used a ∼1 g sample and a 15 T vertical field cryomagnet. The setup at FLEXX was similar, with a ∼0.25 g sample enclosed in a Dy-booster, adding extra 2.3 T and bringing the maximum field to 17.3 T > μ 0 H c . 1 1) in transverse fields between 13 T and 14.9 T at T = 1.5 K. The blue solid line at each field represents the sum of a Gaussian low-energy magnetic peak and a broad and field-independent contribution that was estimated mainly from the 14.9 T data. The background estimate is shown as red solid lines that overlap with the blue lines at higher energy transfers.
were obtained at 1.5 K, and clearly illustrate the disappearance of antiferromagnetic order in the quantum paramagnetic state. The peak lineshape is slightly asymmetric due to the mosaic spread of the sample, but it is field-independent and can be effectively fitted by two Gaussians with fixed positions, widths and intensity ratios. The field-dependence of the square root of the integrated intensity, which is proportional to the ordered sublattice moment per ion, S z , is consistent with a secondorder phase transition, see Fig. 2 (b). We fitted the data to a power law S z ∝ (H c − H ) β for fields μ 0 H > 13 T and found a critical exponent β = 0.45 (9) . The fitted critical field μ 0 H c = 16.05(4) T is in agreement with the value reported in Ref. [13] .
We now turn to the excitations in the antiferromagnetically ordered phase. Prior work [20] [21] [22] has established that the zero-field response consists of two spin wave branches. The modes of energyhω x (Q) andhω y (Q) are linearly polarized along the x and y axes, respectively, and their intensities are proportional to the product of g 2 xx (g 2 yy ) and the sine squared of the angle between Q and the x (y) directions [20, 22] . In zero field only a single sharp excitation is observed at hω 3.7 meV at the reciprocal lattice point (2 1 1). The small angular separation of 16 • between Q AFM and the y axis, in combination with the ratio (g xx /g yy ) 2 3.3 makes it clear that this peak is the x-polarized spin wave. Figure 3 shows constant momentum scans at Q AFM , where the excitation spectrum has its minimum for all fields (see Appendix C). The salient features of the data obtained in finite transverse field are as follows: Upon increasing the field, a second sharp Gaussian mode emerges, moves to lower energies, and increases in intensity. The sharp mode coexists with a broader fieldindependent feature around 3.3 meV, which we attribute to an 1 1), assuming a background given by the incoherent scattering at Q = (1.9 1.6 0.9). The latter is shown in panel (e) and represented by solid red lines in panels (a)-(e). In panels (f)-(j), this background model is subtracted from the raw data. (k) Field dependence of the gap extracted from Gaussian fits to the RITA-II and FLEXX data. The line is calculated using the four-spin cluster model [18] . The fields in the model calculation were rescaled by about 12% to match the experimentally measured value. optical phonon mode identified at 3.65 meV in CoCl 2 · 2H 2 O [16, 17] . In deuterated crystals, THz spectroscopy shows that this mode is shifted to energies around 3.3 meV [23] . Fig. 4(c) . Hence, the mode energy at μ 0 H = 16 T is 0 meV within an uncertainty given by the width (HWHM), 174424-3 0.15 meV, of the incoherent background scattering. In the quantum paramagnetic phase for H H c , the Zeeman term in the Hamiltonian causes a finite energy-cost for spin-flip excitations. As a result, a magnetic excitation reappears and its energy increases with increasing field [Figs. 4(i) and 4(j)]. The resulting transverse magnetic field dependence of the excitation gap is shown in Fig. 4(k) . We observe the theoretically expected complete closure of the excitation gap ∝ |H c − H | zν with the critical exponent close to zν = 1/2.
IV. DISCUSSION
To understand the evolution of the magnetic excitations, in a manner which accurately treats the strong intrachain interaction, a mean-field/random-phase approximation theory employing a basis of clusters with three or four spins along the c axis was developed [18] (the methods used in the theory are described in the references [24] [25] [26] ). The crystal-field parameters of the Co 2+ ions [14, 27] have been adjusted so that the model agrees with the observation of the lowest excited doublet at about 20 meV (see Appendix A). Its proximity to the zero-field spin wave energy range at 4-6 meV [20] [21] [22] , implies that the excited doublet shifts the spin wave energies by 5-10%. The theory accounts for the bulk properties, i.e., the paramagnetic susceptibility tensor [14] and the low-temperature magnetization curves [13] . Assuming a pure Heisenberg interaction between the spins of the S = 3/2 ions, a set of exchange parameters can be derived, which describes not only the zero-field spin waves [20] [21] [22] , but also the spin reversal excitations (magnon bound states) of clusters of two, three, or more neighboring spins along the c-axis chains [16, 17] , which are neglected by spin wave theory. The parameters and the detailed derivation of the cluster model will be published elsewhere [18] .
We now employ the results of the cluster model to understand the data in Figs. 3 and 4 . When applying a transverse field along x, the x-polarized mode is predicted to stay roughly constant in energy, whereas its intensity gradually declines. The mode which is y polarized in zero field becomes an elliptically (yz)-polarized mode. Since (g zz /g xx ) 2 3.5 and the angle between the Q AFM and z is ∼74 • , the z component has a large cross section, and the (yz)-polarized mode becomes dominant for fields μ 0 H 10 T. The solid line in Fig. 4(k) represents the model predictions as explained in the figure caption. The field dependence of the gap shown in the figure agrees within uncertainties with the theoretical curve demonstrating that there is no experimental evidence for zν being different from 1/2.
Next, we compare the critical behavior of S z and the excitation gap [Figs. 2(b) and 4(k)] to the TFIC. For this 1D model defined by Eq. (1), it is known [1, 7] that the quantum critical behavior is given by S z ∝ (H c − H ) β with β = 1/8. The well-known quantum-to-classical mapping [1] implies that this β equals the critical exponent characterizing the temperature-dependence of the sublattice magnetization for the classical thermal phase transition of the Ising model in 2D. The prediction β = 1/8 deviates strongly from the observed value β = 0.45 (9) . Similarly, the experimental result zν 1/2 is inconsistent with the value zν = 1 expected for an ideal TFIC [1, 7] . Conversely, a mean-field treatment, e.g., the cluster model we employ, of the Heisenberg model with anisotropic interactions in a transverse field, Eq. (2), would yield the effective critical exponents β = 1/2 and zν = 1/2, in good correspondence with our results. This implies that the transverse field QPT in CoCl 2 · 2D 2 O, which has for decades been regarded as a fair approximation of the TFIC model, Eq. (1), is in fact dominated by mean-field effects.
The major reason for the 3D-like, classical behavior of the QPT in CoCl 2 · 2D 2 O, i.e., that β 1/2, is the size of the effective longitudinal field h z deriving from the interchain couplings. The interchain interactions are also the major cause of the differences in the excitation spectra observed in this compound and in CoNb 2 O 6 . The anisotropy of the spin interactions is of the same order of magnitude in the two compounds and the values of J z 0 are comparable. However, the ratio between the inter-and intrachain interactions is h z /J z 0 = 0.02 in CoNb 2 O 6 [8] but about h z /J z 0 = 0.4 in CoCl 2 · 2D 2 O [18] . The relative importance of interchain interactions is also reflected in a large difference between the magnetic ordering temperatures, that T N is only 2.95 K in CoNb 2 O 6 but 17.2 K in CoCl 2 · 2D 2 O.
V. CONCLUSION
In summary, we have observed a transverse-field-induced QPT in the effective S = 1/2, quasi-1D anisotropic ferromagnet CoCl 2 · 2D 2 O at the critical field of μ 0 H c = 16.05(4) T. The QPT is accompanied by a complete closure of the gap in the excitation spectrum at μ 0 H c . The critical exponents for the sublattice magnetization, β = 0.45 (9) , and for the gap, zν 1/2, were found to agree with mean-field theory, but to differ significantly from the predictions for the ideal TFIC model, Eq. (1). These deviations are caused primarily by the finite interchain interactions. The weak 3D nature of the interactions in CoCl 2 · 2D 2 O implies that the excitations propagating along the chains consisting of single domain walls are quenched and replaced by excitations of bound pairs of domain walls, i.e., the excitations observed by Torrance and Tinkham [16, 17] . The latter are accounted for by the four-spin cluster theory [18] and have been analyzed in detail by Shinkevich and Syljuåsen [28] . We therefore conclude that the nature of the QPT in CoCl 2 · 2D 2 O in a transverse field does not allow us to classify the system as being the S = 1/2 ferromagnetic Ising chain considered by Pfeuty [7] and Sachdev [1] .
The higher lying doublet excitations in CoCl 2 · 2D 2 O were measured at the direct time-of-flight spectrometer MARI (ISIS, Rutherford Appleton Laboratory, UK). 13.7 g of polycrystalline CoCl 2 · 2D 2 O was wrapped in a thin aluminium foil in an annular geometry and thermalized by helium exchange gas. The measurements were performed at 5 K and 100 K using an incident energy of 50 meV with a corresponding (elastic) energy resolution ofhω = 1.6 meV. The data reduction was performed using the Mantid framework [29] , which uses standard procedures in order to transform from raw time-offlight data to the dynamical structure factor S(Q,hω), where Q andhω are the momentum and energy transfer from the neutrons to the sample.
The results shown in Fig. 5 are the scattering intensities integrated in Q space over two different volumes. The Q 2 dependence of the phonon cross section implies that the phonons appear with increasing weight, when the radius in Q space is changed from 4 to 9Å −1 . This circumstance allows the interpretation that the scattering accounted for by the calculated red line, which is more or less unaffected by the change of integration interval, is magnetic, whereas the remaining part, which is roughly changed by a factor of 2 by the change in integration volume, is due to the phonons. We observe one clear magnetic peak at an energy transfer of 21.5 meV at 5 K, which is slightly shifted to 19 meV at 100 K, consistent with the calculated behavior. The peak is due to the upper doublet derived from the four S = 3/2 spin states belonging to the ground state L level of the Co 2+ ions.
APPENDIX B: MAGNETIC PHASE DIAGRAM OF CoCl 2 · 2D 2 O IN A TRANSVERSE MAGNETIC FIELD
To determine the phase diagram of CoCl 2 · 2D 2 O in a transverse magnetic field, we recorded the field-dependence of the intensity of the magnetic Bragg peak Q AFM = (2 1 1) at a number of temperatures. This allows us to determine the variation of T N with the applied field. The resulting phase diagram, which combines data from RITA-II and FLEXX, is shown in Fig. 6 . shows the corresponding correlation functions at H/H c = 0 and 0.75 calculated with in the mean-field/random-phase approximation theory with a cluster basis of four spins [18] . To simulate the effect of experimental resolution, the calculated spectra were convoluted with a Lorentzian with an energy-independent width = 0.15 meV. From this data, it is observed that the dispersion softens exactly at h = 2.
